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ApsiRact: €O, clathrate hydrate is a crystalline compound that can form
under temperature and pressure conditions associated with the injection and
storage of COy in the deep ocean (below 500 m). At depths being considered for
injection of COy (between 1,000 and 1,500 m), in the absence of Bydrate foroa.
tion, the buoyant CO; would simply rise as it disselved In the seawater, If, how-
ever, the hydrate phase forms, it will affeet this process. The impact could be
positive or negative, depending on how hydrate forms and whether if is associ-
ated with undissolved CO,. This paper summarizes experimental and theoret-
fcal information velating to formution conditions for the hydrate, the relative
density of the iydrate, the formation of a hydrale shell an drops pf liguid €O,
and the impact that 1 hydrate shell has oo dissolution of COj. The future
direction of the work is also briefly described.

INTRODUCTION

Processes {or sequestering CO; in the deep ocean must take ingo account the for-
mation of CO; elathrate hydrate (CO5 - nH50: 6 < 1 < 8). Recent reports provide new
insights on the ease of formation of hydrates in the decp ocean. In one case, several
liters of liquid CO, ware imroduced into open comtainers located|at 3,627 m depth
in Monterey Bay.! Hydrate formed rapidly at the seawater/CO, interface and sank
through the pool of liquid CO,, which resulted in expansion of the pool beyond the
confinement of the containers. In another case, Ohmura and Mori reeenily pablished
an analysis of the mechanical forces associated with a hydrate film §t a seawater/CQO,
interface at similar depths.? Critical conditions, beyond which such a film would not
remain stable at the interface, were described. These observationy and caleslations
show that a submerged CO, lake could be significantly disturbed by the formation
of hydrate rather than being a guiescent pool slowly dissolving intp the deep ocean.

Injection of {0}, inlo the occan at shallower depths (below 2,700 m). where CO,
is less dense than seawater, could also be affected by the formation of hydrate. The-
oretically, pure hydrate particles should sink in the ocean.? Thid would facilitate
sequestration by transporting COs 10 even greater depths than used for injection.
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However, our prior work has shown that various scenarios are possible at anticipated
mjection depths (1,600 m to 1,500 m) depending on the conditions under which
hydrates are formed. In one case, hydrate structures that initially formed from a two-
phase system (scawater and CO,) floated in the seawater phase, Hkely due 10 CO,
trapped within the hydrate particles but not incorporated into the| hydrate lattice.?
Similar observations were made in the recent experimems in thd ocean.! If such
floating hydrates form, sequestration would be adversely impacted because the CO,
would ultimately end up at shallower depths than planned or even in the atmosphere,
On the other hand, a more dense, sinking hydrate was formed when €O was first
dissolved in the seawater prior to reaching hydrate-forming conditions.® Another
possible occurrence of hydrate is as a thin shell on CO, drops. At 1,000 m o 1,500
m the shells would not be thick enough to cause any but the smaliest drops to xink
In addition, shells retard the dissolution of CO, into the seawatet and, therefore,
frustrate sequestration by allowing the hydrate-encased CO, drops 10 rise 1o shallow-
er depths.?

Understanding hydrate formation occurrences and processes is therefore critical
1o successful deployment of strategies for introducing CO, into the|deep ocean in a
manner that leads to long-term storage of CO, in the ocean. The importance of
developing models and scenarios consistent with experimental observations was
recently pointed out in a review of state-of-the-ant hydrate film thodcling.® This
paper describes observations made in our laboratories concerning hydrate formation
in seawater. These observations are compared 1o the predictions from mathematical
models we have also developed.® Finally, the future direction of ogr experimental
work is briefly described.

EXPERIMENTAL

Experimental observations were made using a high-pressure, variable-volume
viewcell (HYVC) of 10 em? 1o 40 capacity. The HVVC was enclosed in a cham-
ber where the temperature could be maintained in the region of interest (0°C to
10°C). Agitation in the HVVC was provided by a glass- encased magnetic stirrng
bar. More complete descriptions of the HVVC and the basic procedires have heen
published.®* General purpose seawater, salinity of 35, was obtained from Ocean
Scientific Inernational, Lad., Petersticld, Hampshire, UK. SFC |purity (above
99.99%3 CO, was used.

RESULTS

Hydrate Formation from Dissolved CO,

The bulk density of CO, bydrate is affecied by the mode of its fogmation.* For-
mation from a single-phase solution of CO, and seawater results in the formation of
transparent, sinking hydrates. Several experiments were performed 10 investigate the
amount of dissolved CO, required to form hydrate at conditions similar to those
anticipated for ocean injection at approximately 1,500 m. In an experjment with an
initial dissolved CO, concentration of 59 mg/g seawater, hydrate fqrmed readily
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with agitation at 4°C and 15.0 MPa. In contrast, in another experiment at a lower ini-
tial dissolved CO» lovel (44 g/ seawster) hydrale did not form at similar condi-
tions. However, hydrate was formed in this experiment when onditions were
changed 10 simulate deeper ocean depths (2°C, 27.2 MPa), 1t was also noted in this
experiment that at higher pressures the hydrate mass became more difficult o detect
visually. At 31 MPa the hydrate mass could not be distinguished from the seawater
phase. Brewer ef al., made the same observation in experiments at 3,650 m depth in
the ocean.!

Hydrate Shell Formation on C0O, Drops

A moded was developed in our previous work (o estimude the inftial and steady-
state thicknesses of hydrate shells on CO, drops.® The model assumad that the initial
thickness was determined by the degree of oversaturation of the water surrounding
the drop with CO, relative to the equilibrium saturation concentration, Cy, at the
hydrate equilibrium pressure at a given temperature. The excess CO4 could accunmu-
late in the waler during the induction period commonly observed in hydrate stadies.
Since the amount of dissolved COy s & function of pressure, C;; would be expected
to decrease with temperature in the hydrate formation region, since lower hydraie
equilibrium pressurcs are associated with decreasing temperature] This has been
observed experimentally at 30 MPa.”

After the initial formation, our mode! assumed that the thickness of the shell was
governed by the rates of diffusion of the CO, through the hydrate shell and diffusion
ar convection of dissolved COy away from the hydrate-covered patticle. Based on
these assumptions, the model predicts that the initial hydrate shell forming around
drops of CO5 injecied into the deep ocean would be thin (less thag 0.1 cm thick).
Over time, in water unsaturated relative o hydrate forming conditjons, the mode)
also predicts that & stable hydrate shell thickness on the order of 1072 to 1074 times
the radius of the drop will eventually result. Thus, based on this modal, for drop sizes
anticipated for ocean injection (up to abowt 1-cm radius) the initially formed hydrate
shell should become thinner over time.

With the HVYVC it is possible 1o inject drops (typically 0.5 cm 10 1|0 cm diameter)
of CO; into pressurized scawaler using a high-pressure syringe pumip. Such experi-
ments have shown that drops of CO, only formed a hydrate shell if sufficient dis-
solved COy is present. In the experiment described above with an initial CO,

concentration of 44 mg/g seawater, drops of COy were added an
observed, The first several drops inmtroduced into the scawater

their behavior
phase at 2°C,

14.5 MPa dissolved without forming & hydrate shell. Each added drop increased the

dissolved CO4 concentration, When the concentration reached 51y
ter. subsequent drops formed hydrate shells within several seconds

: CO/g scawa-

of injection at

2°C, 17.5 MPa. An Hlustration of this phenomenon is shown in Fiours 1.

FIGURE 1A shows two drops of Hguid COy resting at the wp of thg HVVC imme-
diately prior 1o hydrate shell formation. Figure 1B shows the hydrate shell begin-
aing 10 form on the lower left comer of the drop. Shell formation bigan at a single
point and rapidly grew to completely envelop the drops, which coalesced during
the process, in 1 1o 2 seconds. Others bave assumed that hydrate shell formation
sceurs uniformly across the surface of the drop, growing from hydrate clusters or




WARZINSKE ef al.: DEEY OCEAN SEQUESTRATION OF CO4

FIGURE 1. Images showing the formation of a hydrate shell on C drops in scawa-
ier. The cetl is full of seawater 5t 2°C, 17.5 MPa. The object in the lower part of the images
is an end-on view of o glass-encased magnetic stiv bar that bas & diameter of 0.01 m. B the
wpper right voraer of cach iraage is an clapsed time indication reading out {0 0.1 5.
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FIGURE 2. lmages showing the apparent thinning of a hydrate shell. {Scra Fiu. | cap
tion for vther information.)
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crysallites;” however, our observations on hydrate-forming systengs that have just
attained sufficient dissolved CO, do not show this to be the case. Hydrate shell
formation starts at a point, usually where contact (o a foreign object vocurs {but not
always as in F1G. 1) and then rapidly advances (o envelop the entire|drop. A 0.5-cm
10 1.0-cm diameter drop is typically enveloped in 1 s 10 2 5. Fiougk 1C shows the
drop covered with a rough-textured hydvate shell. Over time the fexture became
smoather and the drop assumed a nearly spherical shape, indicating that the shell

was thinning with time, as predicted by our model.

formation is shown in the images contained in FIGUrg 2. In this

l

Xperiment, the

Another more dramatic example of a hydrate shell thinning with E}m after Initial
1t

HVVC was at 2.4°C and 15.8 MPa. The dissolved CO, concentrati

was approxi-

mately 60 mg/g seawater at the time the drop was injected. The hydrate shell formed
immediately and was thick enough so that its strength permitted the Jormation of the
long wbelike srructure shown in FiGure 2A. Withia seconds, however, the structure

-----

began 1o expand to 2 more spherical shape as shown in FiGurg 2B, Jikely due to the
thinning of the shell as it approached an cquilibrium thickness. FIGURE 2C shows

this process has continued over a five-minute interval. This phenoy
dicted by the modeling work summarized above.

ICH0N Wi pre-

104 e v
£y et Ly FAY AN
“D, AR 4 A »
LA 44
. ® e
“'8" 107 o
@
2
)
&
8
< 10 y
o
m «
@ B This work, hydrate
b [} This work, no hydrate
@ 108 a
[=] Aya, hydrate
& Aya, no hydrate
¥ Aya, hydrate (see caption)
@ Nishikawa et al., hydrate
10-1© . . (&) . f‘éishiiﬁm ei‘ﬂ., no MGte!
B 10 12 14

Temperature, °C

resh water, and the work of Nishikawa 2 al. in seawsier. Aya’s observation at approxi.

FIGURE 3. CO, drop dissolution data. Contains our work in saawatcit, Aya’s work ir

nately 7 wtéh dissolved COs is indicnted by the symbol ¥,



ANNALS NEW YORK »’&CADEM|Y OF SCIENCES

Effect of a Hydrate Shell on C0Oy Drop Dissolution

The dissolution of CO» drops in water and seawater, with and

shells, eapressed as the rate of radial decrease as a function of 1
shown in Fioure 3, Our data were obtained during the experiment w
solved CO, concentration of 44 my/y scawater. Measurements of 1

without hydrate
Inperatiare, are
fth an initial dis-
adial shrinkage

were made from recorded video images. The pressure was maintaingd near 17 MPa

during these observations. The first several drops were injected at

solved without forming a hydrate shell. The dissolution of these
dissolved CO4 concentration to 51 mg/g scawater. The next drops
at 2°C und formed a hydrate shell within several seconds of injectio
of the shell caused a decline in the rate of radial shrinkage of the

1,7°C and dis-
s increased the
ere introduced
. The formation
drops of nearly

three orders in magnitude when compared to dissolution in the absgnce of hydrate.
Additional measurements were made oo the same hydrate-covergd drops over a

period of five days 4t 2.5°C to 3.7°C as they slowly dissolved. Mes

uremaents were

then made over the next two days as the lemperature was incrementally increased

to 8.0°C, ar which point these drops completely dissolved. Two final

FIGURE 4.

flow of water.

ops were then

Test section of the LWTF with an air bubble sxabilizccw n g dowpward
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introduced at 8.1°C that dissolved withowt forming a hydrate shell. The data in
F1GURE 3 show that the rate of shrinkage increased with temperatgre, likely due to
thinning of the hydrate shell that was apparent in the visual observations. The
hydrate shells at the lower temperatures were rough textured for extgnded periods of
time indicating a greater shell thickness, whereas at higher temperatures the shells
became smooth, The different slopes in our data also suggest that the shells may not
have thinned to 2 steady state thickness during the observation peripds at the lower
temperatures.

Data from other researchers are also shown in Figure 3. The data of Aya were
obtained in a 32 L vessel at 30 MPa in fresh water.® Nishikawa et all, obtained their
data in a 16.7 L vessel at 30 MPa in artificial scawater recirculated at different flow
rates.? The two data points of Nishikawa ef al. shown in FIGURE 3 were obtained by
extrapolation to zero flow. Neither investigator mentions dissolved CO, conten,
except that Aya notes one observation in water with about 7 wi% CQ,.

Previous investigators did not always indicate the levels, if any, of| dissolved CO,
present in their studies. Based on the results reported here, this infofmation should
be provided by investigators in future. The data in FIGURE 3 show dramauc differ-
ences, not only in the rates of radial decrease, but also in the relatjve differences
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FIGURE 5. Example of the measured velocity profile across the viewing section of the
LWTF. The measurcments were made with an S-type pitot tube constructed jof 17167 dia
stainless steel tubing and housed within a 3/16” wbe. The pitot tebe was tranglated across
ihe bore using 4 stepper motor under control of a compuier which also collected 5,000 data
points during the transverse. Calibration of the probe was achieved by timed positive dis-
placement measurements.
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between drops with and without hydrate, especially at the Jower tefaperatures. The
different pressures, drop sizes, and vessel configurations undoubtatily are involved.
Qur vessel had a much smaller volume than the others, which would permit
dissolved COy levels to more rapidly equilibrate,

Development of a Water Tunnel Facility

To more accurately simulate CO; in the oceanic water column, [a high-pressure
water tunnel facility is being built 0 our laboratory, The device wil\i permit stabili-
zation of rising or sinking CO; drops in a visual observation area fof extended peri-
ods of tme using a countercurrent flow of waler or seawater following design
principles established in the literature. 0! In this device, as in the ogean, a drop will
not touch 4 comainment structure but will encounter only the fuid phase while being
subjected to changing conditions of temperature, pressure, and |dissolved COo
content, giving a more accurate simulation of the drop’s journey in the occan water
column.

A low-pressure water tunnel facility (LWTF) has been construe
pose of refining design geometries of the viewing section and fi
clements, to permit stabilization of the drop in both the radial and
T initial experiments, air bubbles and plastic spheres of varying depsity were suc-
cessfully stabifized in a countercurrent flow of water. Figure d:ghows an air bubble
that has been stabilized in the LWTE Such bubbies have been| stabilized and
observed for several hours, FIGURE § shows an example of the velocity profile mea-
sured across the center of the viewing section. The velocity minimum in the center
of the viewing section provides {or radial stabilization of the object) Further refine-
ments in the design are being made to optimize stabilization at the sjower flow rates
aceded for objects that would have densities closer to that of compressed Hiquid CO,.

ed for the pur-
conditioning
ial directions.
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